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In contrast to starch storage organs (e.g. maize [Zea mays] endosperm), which function as long-term storage sinks for starch, leaves undergo starch synthesis and degradation in accordance with the diurnal cycle. During the light phase, photosynthesis in maize leaves produces both Suc for export and starch, which is stored within bundle sheath chloroplasts. During the dark phase, or when photosynthetic rates are quite low, this transitory starch is mobilized for use in leaf metabolism as well as for export to nonphotosynthetic sink organs (for review, see Zeeman et al., 2007) .
Both transitory and storage starches are composed of both the essentially linear polymer, amylose, and the branched polymer, amylopectin. Amylose contains a-1,4-linked Glc monomers, whereas amylopectin con-tains 5% a-1,6-linked Glc in addition to linear regions of a-1,4-linked Glc (for review, see Smith et al., 1997; Shannon et al., 1998) . Amylopectin is the major constituent of starch, representing approximately 70% of maize storage starch (Swinkels, 1985) and equaling or exceeding 85% of transitory starch in rice (Oryza sativa; Taira et al., 1991) , tobacco (Nicotiana tabacum; Matheson and Wheatley, 1962) , pea (Pisum sativum; Tomlinson et al., 1997) , and maize (Blauth et al., 2001) leaves.
The synthesis of amylopectin requires the action of starch-branching enzyme (SBE; EC 2.4.1.18), a glucosyl transferase that catalyzes the formation of the a-1,6 linkages in starch. During the branching process, first a maltooligosaccharide chain is cut from a growing glucan polymer by cleavage of an internal a-1,4 bond, which is followed by its transfer to the C-6 position of the same or an adjacent chain, forming an a-1,6 branch point on a linear chain. The addition of each branch adds a new nonreducing end, from which starch synthesis can continue. Therefore, the branching pattern in amylopectin not only determines the structure but can also influence the amount of starch synthesized. The characterization of glucan substrate specificities for purified SBE isoforms (Boyer and Preiss, 1978; Dang and Boyer, 1988; Guan and Preiss, 1993; Mu-Forster et al., 1996; Guan et al., 1997; Seo et al., 2002) and studies of maize mutants with altered SBE activity (Moore and Creech, 1972; Boyer and Preiss, 1981; Blauth et al., 2001 Blauth et al., , 2002 Yao et al., 2004; Li et al., 2007) clearly indicate that SBEs play a significant role in determining the fine structure of starch molecules. Three SBE isoforms have been identified in the maize kernel: SBEI, SBEIIa, and SBEIIb. The class II (or A) enzymes (SBEIIa and SBEIIb) share similar biochemical properties, including similar K m values for amylopectin and a preference to branch amylopectin rather than amylose , and they preferentially branch shorter chains (Takeda et al., 1993) than the class I (or B) enzyme, SBEI. In amyloseextender (ae) mutants, which lack functional SBEIIb enzyme, the kernel is viable but exhibits a slightly collapsed crown (Vineyard and Bear, 1952; Moore and Creech, 1972; Stinard et al., 1993) due to an approximately 20% reduction in endosperm starch quantity and a severe decrease in the amount of branching within amylopectin (Garwood et al., 1976) . Whereas the ae mutant phenotype is observed only in the endosperm, the sbe2a mutant lacking functional SBEIIa appears to confer normal endosperm starch and a mutant phenotype is observed only in the leaf (Blauth et al., 2001) . Transitory starch within the sbe2a mutant leaf exhibits a reduction in branching more extreme than in ae endosperm, and the leaves undergo premature and severe senescence (Blauth et al., 2001) .
Unlike in endosperm, where the functions of the SBEs have been well characterized and increasingly understood, the role that SBEIIa plays in the synthesis and possibly in the diurnal cycling of transitory starch in the leaf is less clear. To further understand the importance of branching to transitory starch production and metabolism, we have characterized in detail maize leaves lacking functional SBEIIa (sbe2a mutants).
Our results demonstrate that SBEIIa is required in leaves for the formation of uniform starch granules that can be degraded during the dark phase of the diurnal cycle. In the absence of proper branching of amylopectin, irregular starch granules are formed that cannot be properly degraded and the accumulation of these granules within the chloroplast triggers senescence, a form of programmed cell death (PCD). Thus, in the absence of SBEIIa, the leaf sequesters large amounts of carbon as starch rather than fully mobilizing starch to provide carbon for metabolism and growth at night.
RESULTS

SBEIIa Is the Primary Starch-Branching Enzyme in the Leaf and Is Required for Plant Growth
Starch-branching activity in leaves has previously been attributed to the presence of both SBEIIa and SBEI, because fractionation of leaf extracts yields a peak of SBE activity in a similar position to that of SBEI from maize endosperm (Dang and Boyer, 1988) . However, SBEI protein has not been detectable in western analysis of soluble leaf extracts (Blauth et al., 2001 (Blauth et al., , 2002 Fig. 1) . Whereas ae transcripts have not been detected in leaves via northern analyses (Stinard et al., 1993; Gao et al., 1996) , both sbe1 (Blauth et al., 2002) and ae (Blauth et al., 2001) transcripts have been detected by reverse transcription (RT)-PCR. RT-PCR analysis of RNA from wild-type and sbe2a mutant leaves used in this study also shows expression of sbe1 but not ae transcripts (data not shown). The apparent presence of ae transcripts observed by Blauth et al. (2001) could be due to the amplification of genomic DNA present in the RNA samples, because the primers, designed within a single exon, would not distinguish between transcript and genomic templates.
Crude protein extracts from wild-type, sbe1, sbe2a, and ae leaves were subjected to qualitative and semiquantitative starch-branching activity assays. SBE ac- Figure 1 . SBEIIa is responsible for starch-branching activity in the leaf. Crude protein extracts from W64A (W), sbe1a (1a), sbe2a (2a), and ae (ae) mutants were electrophoresed on companion native PAGE gels and were either incubated with phosphorylase a and Glc-1-P and stained with iodine to visualize a glucan product at the site of branching activity (A) or western blotted and reacted with SBEIIa antibody (B) or SBEI antibody (C), which cross-reacts with SBEIIa and SBEIIb. tivity, as quantified by in vitro phosphorylase a stimulation assay of protein extracts from leaves isolated midway through the light phase, was approximately 7-fold higher in wild-type leaves as compared with sbe2a mutant leaves (5.24 6 1.87 versus 0.70 6 0.12 nmol inorganic phosphate mg 21 crude extract h 21 ; n = 3). When crude soluble protein extracts were separated on native PAGE gels, a single band of branching activity (Fig. 1A) was observed in wild-type W64A, sbe1, and ae extracts but not in extracts from the sbe2a mutant. This activity precisely comigrated with a protein reactive to an anti-SBEIIa antibody (Fig. 1B ). In addition, SBEI was not detectable via western analysis with a nonspecific SBE antibody that crossreacts to all three isoforms of maize SBE (Fig. 1C ). Since a low level of SBE activity is detectable in leaves of the sbe2a mutant, and Sbe1 transcript was also observed by RT-PCR, we cannot rule out the possibility that low levels of SBEI protein might be expressed, even though we cannot detect the protein on western blots. Regardless, our data demonstrate that at a minimum, SBEIIa is the primary starch-branching enzyme detectable by multiple methods in the leaf and is responsible for most soluble starch-branching activity observed in leaves.
Progeny from selfed Sbe1/sbe1; Sbe2a/sbe2a plants were analyzed to assess whether the lack of SBEIIa affects aspects of plant growth. Genotyped plants were shown to segregate 9:3:3:1 Sbe1; Sbe2a:sbe1; Sbe2a:Sbe1; sbe2a:sbe1; sbe2a, as expected (data not shown), demonstrating that there are no adverse effects on allele transmission in these sbe mutant combinations. Growth of sbe2a homozygous mutants was reduced, as evidenced by shorter height ( Fig. 2A ) and fewer leaves ( Fig. 2B ) as well as by an observed reduction in ear size and seed set (data not shown) in sbe2a as compared with Sbe2a genotypes. Consistent with the observation that only SBEIIa accumulates to significant amounts in leaf tissue, the sbe1 mutation had no effect on plant height (Fig. 2) as well as no observed reduction in ear size or seed set (data not shown).
Starch Degradation in the Dark Is Reduced in Plants Lacking SBEIIa
To understand how starch accumulation is affected in the sbe2a mutants, leaves from 3-week-old seedlings harvested at the end of both the dark and light phases were harvested and either decolorized and stained with iodine to visualize starch content ( Fig. 3 , A-D) or used for starch extraction and quantification ( Fig. 3E ). In Sbe2a leaves, starch is present at the end of the light phase ( Fig. 3A) and is reduced by 80% at the end of the dark phase ( Fig. 3 , C and E; P , 0.001). The amount of starch at the end of the light phase did not significantly differ between Sbe2a and sbe2a leaves ( Fig. 3E ; P = 0.149). At the end of the dark phase, however, sbe2a mutant leaves, which have not started to visibly senesce, still contained starch ( Fig. 3D ). Only approximately 40% of starch was degraded during the dark phase ( Fig. 3E ), which significantly differs from the amount of starch degraded during the dark phase in wild-type plants (P , 0.05). Suc levels were unaffected in the sbe2a mutant (data not shown). Both the qualitative and quantitative assays suggest that starch in sbe2a leaves is not being degraded at the same rate as in Sbe2a leaves.
Starch Content and Photosynthetic Rates Are Inversely Related in Senescing Regions of sbe2a Leaves
Differential starch accumulation between visibly senescing and "green" portions of leaves from sbe2a were compared with leaves of wild-type Sbe2a plants. Leaves harvested in early morning from wild-type Sbe2a and mutant sbe2a 2.5-month-old field-grown plants (Fig. 4 , A and C) were decolorized and stained with iodine to visualize starch (Fig. 4, B and D). Whereas little starch was present in Sbe2a leaves at the beginning of the light phase, the entire sbe2a leaf stained blue, indicating the presence of starch. Interestingly, regions that were visibly senescing stained more intensely, suggesting a greater accumulation of . Because statistical differences were not seen between years for each genotype, the average over 2 years is shown. Asterisks denote significant differences in height in the sbe2a mutant as compared with the Sbe2a classes (P , 10 23 ). B, Leaf number was counted at maturity for Sbe2a (n = 30) and sbe2a (n = 16) plants. The asterisk denotes that the value significantly differs from the wild type (P , 0.01). Error bars represent SE. starch in senescing regions. Starch extracted from both genotypes was quantified, and approximately 6-fold more starch was observed in visibly senescing portions of sbe2a leaves as compared with Sbe2a leaves (Fig. 4E ). Consistent with increased starch content in 3-week-old seedling leaves that had not yet begun to visibly senesce, green portions of 2.5-month-old sbe2a leaves also exhibited increased starch content, 4-fold higher than in the wild type.
Photosynthetic rates were measured in Sbe2a leaves and in both green and visibly senescing regions of sbe2a leaves ( Fig. 4E ) from 2.5-month-old plants. Visibly senescing leaves exhibited no photosynthesis, whereas green leaves from sbe2a plants exhibited a photosynthetic rate 18% lower than wild-type leaves (Table I) . For chlorophyll content, there is a 13% reduction in green sections and a 50% reduction in senescing portions of sbe2a leaves (Table II) . Together, these data suggest that the accumulation of starch or associated metabolic changes within the sbe2a leaf down-regulates photosynthesis and that in the chlorotic, visibly senescing regions photosynthesis is essentially eliminated. This suggests that starch hyperaccumulates prior to and may be the cause of premature senescence in sbe2a leaves.
Starch Granules in sbe2a Mutants Are Abnormal and Irregular
We hypothesize that the deficiency in SBEIIa in mutant leaves results in an alteration of granule and/ or starch molecular structure, which could impact the enzymatic degradation of starch. Starch purified from wild-type and sbe2a mutant (not visibly senescing) leaves was harvested at the end of the light and dark phases, and granules were examined via scanning electron microscopy (SEM). The majority of Sbe2a granules at the end of the light phase were uniform discs of similar size (1.27 6 0.01 mm; Fig. 5, A and B) . At the end of the dark phase, discoid granules ( Fig. 5 , E and F) were much fewer in number (per gram fresh weight) and had a smaller diameter (1.14 6 0.05 mm), which is significantly different from granules at the end of the light phase (P = 0.01). In addition, irregularly shaped granules and small particles were also recovered ( Fig. 5 , E and F); very small granules may not have been recoverable by the method used to extract the starch. Analysis of Sbe2a starch by flow cytometry, which allows for relative comparisons of granule size and complexity, suggested that Sbe2a granules are uniform in size and smaller at the end of the dark as compared with the light phase (data not shown). These observations are consistent with the fact that starch granules remaining at the end of the dark phase might be smaller or irregularly shaped due to incomplete degradation.
The structure and complexity of sbe2a starch at the end of both the light and dark phases differ greatly from the wild type. Whereas Sbe2a starch granules at the end of the light phase are highly regular in shape and size (Fig. 5, A and B) , only some of the starch granules isolated from sbe2a leaves are discoid ( Fig. 5 , C, G, and H). Predominantly, sbe2a granules are abnormal and appear to be lobular ( Fig. 5 , C, D, G, and H) and fused (Fig. 5, C and G) . Consistent with SEM, flow cytometry of sbe2a granules yielded a broader Figure 3 . sbe2a leaves have reduced starch degradation during the dark phase. A to D, Leaves from Sbe2a/Sbe2a (A and C) and sbe2a/sbe2a (B and D) 3-week-old seedlings were harvested at the end of the 16-h-light (A and B) and 8-h-dark (C and D) phases, decolorized in boiling ethanol, and stained with iodine to visualize starch levels. E, Starch in replicate leaves was quantified at the end of light and dark phases (n = 4). Starch was partially purified and quantified. For sbe2a/sbe2a seedlings, only nonsenescing leaves were sampled. The asterisk denotes that the value significantly differs from Sbe2a at the end of the dark phase (P , 0.05). Error bars represent SE. particle size distribution, with a portion of sbe2a being larger than Sbe2a granules (data not shown). Although precise changes in starch structure cannot be inferred from flow cytometry or microscopy, the data clearly demonstrate significant differences in sbe2a versus wild-type starch granular structure. Starch from sbe2a mutants, which lack proper branching, lose granular uniformity and fail to be properly degraded during the dark phase. This suggests that in the sbe2a mutant, the leaf becomes an organ of abnormal starch accumulation. To ascertain how the abnormal starch granules in sbe2a leaves affect cellular ultrastructure, green and visibly senescing cells harvested from sbe2a mutants during the middle of the light phase were examined using transmission electron microscopy (TEM). In mature wild-type leaves, bundle sheath chloroplasts are oblong and contain few grana and several crystalline starch granules that are relatively uniform in shape and size ( Fig. 6A ; Kirchanski, 1975) . In contrast, bundle sheath chloroplasts in green portions of sbe2a mutant leaves are misshapen and contain larger, irregular, and sometimes fused granules (Fig. 6B ) similar to sbe2a starch granules analyzed by SEM ( Fig. 5 , C, G, and H). Cellular ultrastructure is further affected in visibly senescing portions of sbe2a leaves (Fig. 6C ). In addition to the persistence of starch granules first identified in green tissue of sbe2a leaves, cells in visibly senescing parts of the leaf exhibit a hallmark of senescence, an increased number of plastoglobules (i.e. lipoprotein bodies) necessary for the mobilization of lipids (for review, see Bréhélin and Kessler, 2008) . In addition, chloroplasts are compacted, membranes appear larger, and starch granules appear to be present both within and sometimes outside of chloroplasts. These data suggest that the persistence of aberrant starch granules in sbe2a chloroplasts triggers changes in cellular ultrastructure and may lead to programmed senescence or PCD.
The Accumulation of Aberrant Starch Granules in sbe2a Leaves Directly or Indirectly Induces Genes Involved in PCD
The presence of abnormally large starch granules ( Fig. 6 ) or associated metabolic changes could potentially trigger the expression of genes involved in starch degradation or other genes responding to the abnormal physiological and physical conditions. By semiquantitative RT-PCR analysis, the relative expression levels of Sbe2a and the gene encoding granule-bound starch synthase (GBSS), responsible for amylose synthesis, are unaffected in green and visibly senescing leaves of sbe2a plants (Fig. 7A ). However, transcript levels of Zea mays pullulanasetype debranching enzyme (Zpu1), the pullulanasetype debranching enzyme involved in amylopectin degradation (Dinges et al., 2003) , increase by approximately 50% in visibly senescing sbe2a leaves ( Fig. 7A ). Increased expression of this debranching enzyme in a plant in which starch lacks significant branching is perhaps surprising, but expression could be induced by metabolic changes stemming from altered starch turnover.
To ascertain whether PCD/senescence is prematurely triggered in leaves lacking SBEIIa, transcript levels of several genes known to be up-regulated during this process (Buchanan-Wollaston et al., 2003; Gepstein et al., 2003;  ) were upregulated in visibly senescing leaf tissue from sbe2a mutants. In the case of Chn2, significantly enhanced gene expression was observed in sbe2a mutant leaf tissue that was green and not visibly showing signs of senescence. Remarkably, the Exg1 gene was induced approximately 10-fold over the wild type and the Mas1 gene was induced over 100-fold in the senescing tissue. Together, these data suggest that the accumulation of aberrant starch caused by the lack of SBE activity and the concomitant negative impact on starch turnover triggers a senescence-type PCD response in the sbe2a mutant leaf.
DISCUSSION
Functional SBEIIa Is Required for the Transitory Property of Leaf Starch
SBEIIa is required for proper degradation of transitory starch. In absolute terms, wild-type leaves degraded more than twice as much starch as mutant leaves. Numerous enzymes involved in starch degradation, when mutated, lead to a "starch-excess" phenotype similar to that observed in sbe2a leaves. These enzymes include phosphoglucan phosphatase (SEX4), BAM3 b-amylase, noncatalytic BAM4 b-amylase, a-glucan, water dikinase (Lorberth et al., 1998; Zeeman et al., 1998; Zeeman and ap Rees, 1999; Yu et al., 2001; Ritte et al., 2002; Scheidig et al., 2002; Kötting et al., 2005 Kötting et al., , 2009 Niittylä et al., 2006; Fulton et al., 2008) , and, in maize, pullulanase-type debranching enzyme (Dinges et al., 2003) . While it is expected that mutation of genes involved in starch degradation will lead to an accumulation of starch, reasons for starch accumulation in mutants deficient in enzymes of starch synthesis are less obvious. Arabidopsis (Arabidopsis thaliana) mutants deficient in starch synthases or SBEs do not exhibit this phenomenon, with the exception of the starch synthase3 mutant (lacking starch synthase III), which has elevated levels of starch at the end of the day but not the end of the night (Zhang et al., 2005) , and the ss4 mutant (lacking starch synthase IV), which has reduced levels of starch at the end of the day and elevated levels at the end of the night (Roldán et al., 2007) . The ss4 mutant has a strongly reduced number of starch granules, and it has been proposed that degradation at night is limited by the granule surface area available to the degradative enzymes (Roldán et al., 2007) . This explanation is unlikely to apply to the elevated starch levels in the sbe2a mutant of maize.
The starch-excess phenotype of the sbe2a mutant suggests an altered starch structure that is not easily degraded. Consistent with this idea, in vitro studies showed that whereas wild-type leaf starch was completely amenable to digestion, approximately 50% of sbe2a leaf starch, which exhibits aberrant granule structure (Fig. 5) , was resistant to digestion with porcine a-amylase (Xia, 2009 ). This radically altered granular structure could be caused by the change in molecular structure of the starch polymers. First, the relative ratio of high M r amylopectin to lower M r amylose and/or altered amylopectin is greatly reduced in sbe2a leaves ( Fig. 5A in Blauth et al., 2001; Fig. 4 in Dinges et al., 2003) . Second, the branching pattern of the starch polymers is significantly altered. Starch from sbe2a leaves has fewer short (degree of polymerization 10-20) and more long (greater than degree of polymerization 30) chains than wild-type leaves (Dinges et al., 2003) , resulting in an overall reduction in branching. Only SBEIIa protein and associated SBE activity were detected in soluble extracts from the wild type, and a small amount of SBE activity was detected from sbe2a soluble extracts. It is possible that SBEI, for which transcripts were present but protein was not identified in soluble extracts, is bound to the starch granule and contributes a low level of branching. SBEI, SBEIIa, and SBEIIb have been shown to be associated with starch granules in maize endosperm but are also present in the soluble fraction (Mu-Forster et al., 1996; Grimaud et al., 2008) . Alterations in storage granule morphology have been observed in plants with altered complements of starch synthases or SBEs. For example, the starch synthase II mutant of pea (Craig et al., 1998) and transgenic potatoes (Solanum tuberosum) with reduced activities of starch synthases II and III (Edwards et al., 1999) or SBEI and II (Schwall et al., 2000; Blennow et al., 2003) all have abnormal storage starch granules with twisted and lobed shapes. There are few reports of such alterations in the shape of transitory starch granules in plant leaves. However, the sheet-like morphology of sbe2a starch is strongly reminiscent of starch from Chlamydomonas after 24 h of incubation in vitro with ADPglucose. The normally flattened, discoid granules become highly distorted and fused into a network, which is attributed to the elongation of amylopectin outer chains within the granule by the amylose-synthesizing isoform of starch synthase, GBSS (Wattebled et al., 2002) . GBSS activity on outer chains of amylopectin has similar disruptive effects on granule morphology of tubers of transgenic potatoes with reduced levels of the amylopectin-synthesizing starch synthases, SS2 and SS3 (Fulton et al., 2002) . It seems possible that the low levels of glucan branching in sbe2a maize leaves severely restrict chain elongation by soluble starch synthases, which would lead to a rise in levels of the starch synthase substrate ADPglucose, for which GBSS has a relatively high K m (Denyer et al., 2001) . Increased activity of GBSS inside the granule and very limited addition of new material at the periphery could thus account for the distorted, sheetlike morphology of the starch in sbe2a leaves.
The Effects of Loss of Class II SBEs Differ between Endosperm and Leaf
Endosperm starch extracted from ae mutants lacking SBEIIb exhibits a similar, albeit less severe, branching defect to that of sbe2a leaf starch (Klucinec and Thompson, 1998; Blauth et al., 2001) . Although ae endosperm produces aberrant starch granules (Wang et al., 1993) , the granules do not exhibit the extreme fused granule phenotype seen in sbe2a leaf starch, and there is no affect on the kernel's viability, ability to germinate, etc. (Stinard et al., 1993 ), suggesting that this starch is, to at least a certain extent, degradable in vivo. The difference between leaf and endosperm in the nature and severity of effect of the loss of class II SBEs could have several causes. First, SBEI and/or SBEIIa could partially compensate for the lack of SBEIIb in endosperm. Second, ae endosperm starch may be more amenable to degradation than sbe2a leaf starch due either to its higher level of branching or to the presence of a different complement of degradation enzymes. Third, the different functions of endosperm (storage) versus leaf (transitory) starch could impact the effects of SBE mutations on these organs.
The Lack of SBEIIa in Leaves Alters Carbon Partitioning and Triggers Premature Leaf Senescence
The loss of SBEIIa and consequent hyperaccumulation of starch in sbe2a leaves have profound effects on leaf metabolism and plant growth as a whole. It seems likely that reduced plant growth is due to either or both the strongly reduced rate of photosynthesis and the reduced availability of carbohydrate in the leaf at night. However, the nature of the link between starch accumulation and the reduction in photosynthesis is less obvious. The link could be direct, through physical disruption of chloroplast function by the fused and irregular starch structures, or alternatively, the link may be indirect.
The sbe2a leaf appears to undergo programmed senescence (Lu and Zhang, 1998; for review, see Hö rtensteiner, 2006; Lim et al., 2007; Bréhélin and Kessler, 2008) as starch accumulates. In addition to the decline in photosynthesis, plastoglobules accumulate in chloroplasts of visibly senescing tissue (Fig. 6) . Plastoglobules are generally larger and more prevalent during senescence, as they accumulate triacylglycerol by-products of thylakoid membrane degradation (for review, see Bréhélin and Kessler, 2008) , an intermediate step in the conversion of fatty acids from the thylakoid membranes into Suc, for export to other parts of the plant (Kaup et al., 2002) . Mas1, which encodes the gluconeogenic enzyme malate synthase, facilitates the conversion of products of fatty acid b-oxidation via the glyoxylate cycle into Suc for export and has been shown to be triggered by the metabolic status of senescing leaves, including lipid breakdown products and reduced Suc levels due to reduced photosynthesis (Graham et al., 1992) . The Mas1 gene is up-regulated more than 100-fold in visibly senescing portions of sbe2a leaves, suggesting a role of senescence in the reallocation of valuable resources in the sbe2a mutant. We also observed up-regulation of several other genes known to be induced during senescence, further implicating programmed senescence in the sbe2a phenotype.
Transitory Starch Synthesis and/or Degradation Differ between Maize, Arabidopsis, and Pea
In maize, Arabidopsis, and pea, SBEs are required for the normal synthesis and function of transitory starch. Whereas SBEIIa functions in maize leaves, in Figure 7 . A number of genes involved in starch degradation and PCD are differentially regulated in sbe2a leaves. A and B, Total RNA isolated from green leaves of Sbe2a/Sbe2a and green or visibly senescing leaves of sbe2a/sbe2a plants grown for approximately 2.5 months in the field were examined for the expression of starch synthesis and metabolism genes (A) and genes involved in senescence/PCD (B). C, Semiquantitative RT-PCR results were standardized to tubulin. Results are expressed as relative expression as compared with Sbe2a leaves. Aberrant sbe2a transcripts are found in sbe2a leaves (see "Materials and Methods"). Significantly different expression as compared with the wild-type is denoted by asterisks (* P , 0.05 or ** P , 0.01) and as compared with green sbe2a leaves is denoted by one black square (P , 0.05) or two black squares (P , 0.01). Error bars indicate SE of three biological replicates. For genes that yielded multiple bands via RT-PCR, arrowheads denote the product that was of appropriate size and was used for quantification. Gbss1b, granule-bound starch synthase1b; Sbe2a, starch-branching enzyme2a; Zpu1, pullulanase-type starch-debranching enzyme1; See1, senescence-enhanced1; See2a, senescence-enhanced2a; See2b, senescence-enhanced2b; Mir3, maize insect resis-tance3; CysProt, Cys protease1; Pr1, pathogenesis-related1; Chn2, chitinase2; Mas1, malate synthase1; Kin1, knotted1-induced1; Pld1, phospholipase D1; Exg1, exoglucanase1.
Arabidopsis, three genes encoding SBEs (i.e. BE1, BE2, and BE3) are active in the leaf (Fisher et al., 1996a; Khoshnoodi et al., 1998; Dumez et al., 2006) . BE2 and BE3, class IIa SBEs with similarity to maize SBEIIa, contribute significantly to the synthesis of transitory starch. BE1 belongs to a novel SBEIII class (Han et al., 2007) , for which a putative homolog has recently been identified in the maize genome (Yan et al., 2009) . BE1 is apparently not required for transitory starch synthesis in Arabidopsis (Dumez et al., 2006) . In pea leaves, approximately 90% of the SBE activity is accounted for by a single class II SBE, SBE A, and the remaining 10% by a class I enzyme, SBE B (Tomlinson et al., 1997) .
The phenotypic effects of removing functional class II SBE(s) from leaves of maize, Arabidopsis, and pea differ substantially. Starch extracted from be2 and be3 single Arabidopsis mutants exhibits only minor changes in amylopectin structure. However, in stark contrast to the starch-excess phenotype in leaves of sbe2a maize mutants, removal of the class IIa SBEs from Arabidopsis (i.e. be2; be3 double mutant) completely abolishes starch synthesis in the leaf and results in the accumulation of maltose (Dumez et al., 2006) . Dumez et al. (2006) propose that in the absence of BE2 and BE3, starch synthases produce unbranched glucan chains that are more readily digestible by amylases, even during the light phase, such that maltose accumulates in place of starch. The impact of the loss of class II SBE in pea is in some respects similar to that of the loss of SBEIIa in maize: leaf starch contains very little amylopectin and an increased amount of glucan of the same molecular mass range as amylose (Tomlinson et al., 1997) . In contrast to the maize sbe2a mutant, however, there is no starch accumulation or premature leaf senescence.
Differences in the phenotypes of maize, Arabidopsis, and pea mutants lacking class II SBEs may reflect differences among the leaves of these species in other aspects of the pathways of starch synthesis and degradation. The pathway of starch degradation has been elucidated in detail only in Arabidopsis (Zeeman et al., 2010) . Although maize leaves appear to contain at least some of the same components of these pathways as Arabidopsis (Friso et al., 2010) , the relative contributions of these components to flux have not been systematically explored. In addition, the consequences for starch turnover due to C 4 anatomy and biochemistry are not understood. In a NADP-malic enzyme C 4 leaf, starch is synthesized in the bundle sheath cell, whereas Suc is synthesized in the mesophyll cell. A significant proportion of the triose phosphate that forms the substrate for starch synthesis is imported into the bundle sheath cell chloroplast from the mesophyll. This is a very different situation from a C 3 leaf, in which triose phosphate is partitioned between Suc synthesis, starch synthesis, and the regenerative phase of the Calvin cycle within the same cell. Thus, lesions in starch synthesis may have different consequences for the operation of the Calvin cycle and Suc synthesis, and hence leaf physiology as a whole, in C 3 and C 4 leaves. Taken together, while Arabidopsis has proven to be a good model system to study transitory starch synthesis and metabolism, maize is a much more relevant system in which to study starch synthesis in the C 4 grasses.
MATERIALS AND METHODS
Plant Growth, Morphometric Analysis, and Sample Collection
The maize (Zea mays) sbe2a-Mu mutant line (herein referred to as sbe2a) contains a Mu insertion in exon 2 of Sbe2a and has been backcrossed into W64A three times. sbe2a homozygous mutant leaves exhibit an early-senescence phenotype (Blauth et al., 2001) .
Plants used for height and leaf number analyses were grown at the Pennsylvania State University Horticulture Research Farm in Rock Springs in 2006 and 2007 from progeny seed of a selfed Sbe2a/sbe2a heterozygote. Plants were sampled 3 weeks after germination, DNA was isolated (Dietrich et al., 2002) , and plants were PCR genotyped using primers described previously (Blauth et al., 2001 (Blauth et al., , 2002 . The height of mature plants was measured from the soil surface to the tip of the central spike of the tassel.
Seedlings used in the diurnal studies were grown in a walk-in high-light (650 mmol m 22 s 21 ) Conviron growth chamber (BDW120) at 35% humidity under a diurnal cycle of 16 h of light and 8 h of dark at 28°C and 25°C, respectively. Plants used for analysis of starch content were grown for approximately 3 weeks, and the fourth vegetative leaf was sampled, flash frozen in liquid nitrogen, and stored at 280°C. Sampling of both mutant and wild-type leaves was done 3 cm from the leaf tip to exclude the senescent portion of sbe2a leaves. For qualitative starch analyses, leaves were sampled and decolorized in boiling 80% ethanol to remove chlorophyll and subsequently stained with 0.1% (w/v) iodine and 1.0% (w/v) potassium iodide.
Senescing and healthy leaf tissues used in starch quantification, RNA transcript, and photosynthesis studies were harvested at midsummer in early morning from approximately 2.5-month-old wild-type and sbe2a field-grown plants (Rock Springs, PA). Samples were taken midway along fully expanded leaves on wild-type and sbe2a mutant plants. From sbe2a plants, adjacent green and visibly senescing tissue samples (i.e. chlorotic tissue exhibiting pink sectors, most likely due to anthocyanin accumulation) were taken from each plant. Each sample was split down the midrib, and the two pieces were used for starch and transcript analyses. These same plants were used for photosynthesis and chlorophyll measurements.
Photosynthesis and Chlorophyll Measurements
Photosynthetic rate and stomatal conductance were measured using the LI-6400 Portable Photosynthesis System (LICOR Biosciences). Measurements were taken between 12 noon and 3 PM. Programmed light and humidity conditions were as described (Braun et al., 2006) under ambient temperature. Total chlorophyll was quantified in the same plants using the SPAD-502 Chlorophyll Meter (Konica Minolta). A total of 36 wild-type and sbe2a plants (green versus visibly senescing tissue) were tested, and each sector tested was assayed three times.
Crude Protein Extracts from Leaves
Total protein was extracted from frozen leaves with a chilled mortar and pestle in 600 mL of extraction buffer (100 mM HEPES, pH 7.4, 20% [v/v] glycerol, 1 mM Na fluoride, 1 mM Na orthovanadate, 5 mg mL 21 leupeptin, 10 mL mL 21 phosphatase inhibitor cocktail I [P2850; Sigma], and 1 mM phenylmethylsulfonyl fluoride) per 100 mg of tissue. Extracts were centrifuged at 6,000g for 10 min at 4°C. Supernatants were used immediately for native PAGE.
Native PAGE and Western Analyses
Crude protein extracts were separated on native polyacrylamide gels according to Dinges et al. (2001) using a mini-Protean II cell (Bio-Rad Laboratories). For western analysis, gels were blotted as described by Blauth et al. (2001) and immunodetection was performed using an enhanced chemifluorescence western-blotting detection kit according to the manufacturer's instructions (Amersham Biosciences). Anti-SBEI and anti-SBEIIa antibodies (Blauth et al., 2001 (Blauth et al., , 2002 were used at a 1:2,000 dilution.
SBE Activity Assays
In-gel SBE activity was assayed in proteins separated via native PAGE as described by Yamanouchi and Nakamura (1992) . Activity was visualized by staining with 0.1% (w/v) iodine and 1.0% (w/v) potassium iodide, and gels were immediately photographed. Relative band intensities were compared on digital images using ImageJ version 1.37 (Abramoff et al., 2004) .
In vitro SBE activity was measured with the phosphorylase a stimulation assay (Boyer and Preiss, 1978) , modified to be nonradioactive by Fisher et al. (1996b) . Assay reactions (200 mL volume) were prepared in 96-well format using 1 mg of crude extract per reaction and were incubated for 1 h at 30°C and then heat killed at 99°C for 90 s. Reactions were diluted with water, and inorganic phosphate released during the reaction was quantified with a colorimetric assay (Lanzetta et al., 1979) . Measured values from control reactions containing no phosphorylase a were subtracted from values of corresponding reactions containing the enzyme.
Starch Purification and Quantification
Crude starch was purified from seedling leaves by homogenization in 0.7 M perchloric acid and 10 mg of sand. From centrifuged extracts, pelleted starch was repeatedly washed with 80% (v/v) ethanol, dried, and stored at 220°C. Dimethyl sulfoxide was added to crude starch pellets and incubated in a boiling water bath for 5 to 20 min to disperse starch. Starch was then enzymatically digested, and the resulting Glc was quantified using the Total Starch Assay Kit (Megazyme) per the manufacturer's instructions.
Leaf starch isolated for microscopy was extracted from 5 g of leaf tissue as described by Dinges et al. (2003) . The resulting starch pellet was washed repeatedly with 80% ethanol and stored in water supplemented with 0.1% (w/v) sodium azide.
Microscopy
Starch granules purified from leaf tissue were gold coated and viewed by SEM using a JSM 5400 (JEOL). Leaf punches for TEM were collected in the middle of the light phase from 6-week-old greenhouse-grown plants and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 24 h at 4°C. Samples were rinsed in 0.1 M cacodylate buffer, fixed with 1% osmium tetroxide, and dehydrated in an ethanol series. Samples were imaged on a JEM1200 EXII (JEOL).
RNA Isolation and Transcript Analysis
Primers for transcript analysis (Table III) were designed from mRNA sequences such that one primer in the pair spanned an intron/exon boundary and prevented the amplification of genomic DNA.
RNA was extracted from wild-type (green tissue) and sbe2a leaves (visibly senescing versus green tissue) using the RNeasy Plant Mini Kit (Qiagen) per the manufacturer's instructions. Total RNA (2 mg) was reverse transcribed by oligo(dT) priming using Moloney murine leukemia virus reverse transcriptase (New England Biolabs), and first-strand cDNA (0.5 mL) was used as a template for semiquantitative PCR using the primers listed in Table III . The PCR program consisted of 94°C for 2 min, 35 cycles of 94°C for 30 s, 4°C below primer melting temperature for 30 s, and 72°C for 1 min, and a final extension at 72°C for 5 min. Cycle numbers were titrated to determine the linear range of the amplification kinetics. PCR products were electrophoresed on 1% agarose gels containing ethidium bromide. Band intensities were quantified with ImageQuant software (GE Healthcare Life Sciences) using rectangle mode/ local background correction/volume integration. Resulting values were normalized to the band intensity of tubulin.
Transcript analysis of sbe2a mutants with primers sbe2a-F and sbe2a-R (Table III) yielded an unexpected product. Whereas no product was amplified in a previous study (Blauth et al., 2001) , RT-PCR on sbe2a template RNA yielded a product containing a 140-bp insertion as compared with the wildtype. Sequencing of the RT-PCR product demonstrated that the insertion was derived from a truncation of the original Mu element inserted into the sbe2a gene; the insertion contained only a portion of a single terminal inverted repeat, whereas genomic DNA contained an intact Mu element. This unexpected product is likely due to aberrant splicing within the Mu insertion during RNA processing, as has previously been documented in maize at an Adh1-Mu1 allele (Ortiz and Strommer, 1990 ) and at transposon insertions in Drosophila (Horowitz and Berg, 1995) . The aberrant transcript present in sbe2a leaves does not produce a protein product recognizable by the SBEIIa antibody ( Fig. 1B) and therefore does not produce active SBEIIa.
Statistical Analyses
Height, leaf number, and starch amounts were compared among genotypes using paired t tests assuming unequal variance. ANOVA was used to analyze photosynthesis, stomatal conductance, and RNA expression data. SE values are reported for all measurements.
